We report a novel dielectric anomaly around the Jahn-Teller orbital orderdisorder transition temperature T JT in LaMnO 3+δ . The transition has been characterized by resistivity (ρ) vs. temperature (T), calorimetry, and temperature dependent X-ray diffraction studies. Measurements of complex 
Introduction
Recent progress in research on different orbital phases and their correlation with charge and spin phases sheds light on the close interplay between charge, spin, orbital, and lattice degrees of freedom in rare-earth perovskite manganites [1] . It has been realized, though not quantitatively established, that the orbital order governs the nature of the charge and spin order. The onset of orbital order at a higher temperature appears to be a necessary prerequisite for the onset of charge or spin order at a lower temperature in many cases. The temperature gap varies and even collapses for some strongly correlated systems like LaTiO 3 [2] . Hence, proper understanding and characterization of the orbital phases and phase transitions assumes significance. It has already been pointed out and experimentally observed that the orbital order could either be long range or short range [3] . In other words, orbital domain size may vary depending on the structural distortion.
The estimation of spatio-temporal fluctuation of the orbital domains as a function of lattice distortion and temperature seems to be quite important in characterizing the orbital phases. Related to the orbital domain size and temporal fluctuation is the nature of the order-disorder transition at a characteristic transition point. We have shown recently that with the increase in geometric lattice distortion or tilt order due to decrease in average Asite radius <r A >, the latent heat associated with the transition decreases and finally reaches zero [4] . We have also noticed that irrespective of the A-site rare-earth ion, the latent heat becomes zero at a critical <r A > c ≈ 1.180 Å [5] . The pattern of the drop, however, varies with ion-type, which interestingly, can be made to collapse onto a universal pattern for a suitable choice of scaling parameter.
The broadband dielectric spectroscopy helps in characterizing the phase transitions in doped Mott insulator systems like cuprates (the parent compounds of high-T c superconductors) [6] , manganites (both hole and electron doped) [7] [8] [9] [10] , other non-oxide spinel systems [11] etc, which are relatively low resistive and are not traditionally used as dielectrics. In systems where one might observe glass transition, dielectric spectroscopy assumes significance in evaluating the relaxation time scale across the phase transition point and correlating the relaxation dynamics with microscopic features. Since, in pure manganites the latent heat drops with the drop in <r A > and becomes zero [4, 5] , it seems that the orbital domain size also decreases with <r A > and eventually an orbital glass phase evolves beyond <r A > c . One can possibly distinguish between glassy dynamics and dynamics of the systems with long range order using the dielectric spectroscopy [11] . The static long-range orbital order phase should relax slowly and, therefore, can be probed by low-frequency signal while a disordered phase with short-range order is expected to relax faster and hence should be probed by higher frequency signal. The relaxation time scale may vary depending on the orbital domain size. The extension of energy scale of the probe from low to optical range helps in covering the entire spatio-temporal range of the orbital order: from long range slower modes of the entire orbital order network to faster local phonon and local orbiton modes around the Jahn-Teller active Mn 3+ ions in the optical range. The IR-and Raman-active phonon and orbiton modes have been studied in LaMnO 3 as a function of temperature by other authors [12] [13] [14] . However, to the best of our knowledge, no report so far exists in published literature on low-frequency dielectric response of LaMnO 3 near orbital order-disorder transition. Therefore, we attempt to study the phase transition features using low-frequency dielectric spectroscopy in pure LaMnO 3+δ with long-range orbital order as a first step towards unveiling the phase transition dynamics across the entire range of <r A >.
In this paper, we report our results on dielectric anomaly at the orbital order-disorder transition temperature (T JT ) in pure LaMnO 3+δ having varying Mn 4+ concentration. The T JT as well as the nature of the anomaly varies with the Mn 4+ concentration. We probe primarily the dielectric response arising out of space charge and intrinsic polarization within the frequency window used in this work. In polycrystalline samples, interface polarization results from inhomogeneous regions due to insulating grain boundaries and conducting grains. We notice that at a given temperature the overall dielectric response, across the frequency range, is dominated, essentially, by Maxwell-Wagner relaxation dynamics arising as a result of such interfaces even though the intrinsic polarization, due possibly to orbital order, also has significant influence. The sharp feature in dielectric response at T JT becomes smeared with the increase in Mn 4+ concentration.
Experiments and Results
The experiments have been carried out on high quality bulk polycrystalline LaMnO 3+δ samples. Details of the sample preparation are given in our earlier papers [4, 15] . Response Analyzer (FRA) coupled with a dielectric interface (Model 1296A) across a temperature regime 300-950 K with the help of Impedance Spectroscopy software. The applied field amplitude was varied over 0.1-1 volt. However, no dependence of the dielectric response pattern could be noticed as a result of such variation. We have also studied the dielectric response at ~77 K in order to compare our data with similar systems' data measured by others [7] at ~77 K. The measurement across T N (~140 K) in pure LaMnO 3 reveals significant dielectric anomaly near T N that possibly reflects the spin-orbital coupling [16] . The electrodes have been made of high quality platinum, gold, and vapor deposited silver. Data obtained for different electrodes were compared in order to extract the intrinsic features of the samples. The instrument, cable, and lead contribution to the dielectric data have been carefully subtracted. Since the samples are basically low resistive, we employed constant current mode for measurement of the dielectric response [7] . However, we have noticed that interface polarization and, hence, Maxwell-Wagner contribution plays a major role in determining the dielectric permittivity and its frequency dependence in all the cases. The intrinsic capacitive response is small at room temperature. In spite of such poor response, we noticed distinct anomaly at T JT in both the real and imaginary part of the dielectric permittivity.
Therefore, it appears that the dielectric spectroscopy can be successfully applied for studying the orbital order-disorder transition in different rare-earth perovskite manganites.
The Mn Table- I. In Fig. 2 , we show the variation of lattice parameters and lattice volume with Mn 4+ concentration at room temperature [17] .
And the variation of the relevant parameters with temperature for the samples 1 and 4 is shown in Fig. 3 . Across the transition point it is found that the low temperature orthorhombic O' phase (c/√2<a<b) becomes orthorhombic O phase (c/√2>a≈b) at higher temperature. The temperature-dependent X-ray diffraction study yields the volume collapse (∆V/V) at T JT to be ~0.3% for sample 1 and ~0.016% for sample 4 [18] . The orthorhombic distortion is found to be dropping from ~2.1% to ~0.045% over a temperature regime of 300-773 K for sample 1 and from ~1.05% to ~0.13% over a temperature regime of 300-723 K for sample 4. In Fig. 4 , we show the resistivity (ρ) vs. In Figs. 6(a)-(f), we show the real and imaginary parts of the permittivity ε'(ω,T), ε"(ω,T) as a function of temperature for all the samples. Both in ε'(ω,T) and ε"(ω,T), a distinct anomaly could be observed at T JT in the case of all four samples. This observation and the reported [8] reasonably large static dielectric constant of LaMnO 3 at T = 0 can be taken as signatures of formation of orbital order induced intrinsic polarization. In this paper, we present only this relative variation of the nature of the anomaly at T JT by comparing the data observed in different samples.
Discussion
The pure LaMnO 3 contains C-type orbital-ordered phase while with the increase [21] . The calorimetric data show how the latent heat associated with the orderdisorder transition drops with the increase in Mn 4+ concentration (Fig. 5) . The observation of first order transition with finite latent heat for all the samples is corroborated by the temperature dependent XRD study. In the case of sample 1, the finite lattice volume contraction (~0.3%) is observed between the points around T JT (Fig. 3) .
The contraction signifies a first order transition. In the case of sample 4, of course, a much smaller contraction (~0.016%) is observed between the points near T * . In this case, the orthorhombic distortion too, decreases between room temperature and 543 K. Beyond T JT (~653 K) the lattice volume depicts an increase whereas the orthorhombic distortion remains small (Fig. 3) .
We now concentrate on the dielectric response of the samples. Following facts are evident in the data presented in Fig. 6 . In Fig. 6(d) , we show ε'(ω,T) for sample-2 with Au electrode. The general features like rise in ε'(ω,T) with temperature and a bend and, finally, a rise beyond T JT are present in both the set of data -recorded for sample-2 with Pt and Au electrodes. The slight difference noticed in the feature near the anomaly could be due to difference in adhesion of the electrodes. The Au-electrode appears to offer better adhesion. In the case of sample 4, prominent anomaly near T JT is observed at higher frequency (≥100 kHz). The lower frequency data (not shown) reveal a kink-like anomaly and not a prominent one. This could be because at higher Mn 4+ concentration, the volume fraction of the orbital ordered phase decreases and hence, higher frequency ac probe is required in order to track the orbital order-disorder transition. In fact, the local dynamic Jahn-Teller distortion can only be studied by optical probe [23] .
We first address the issue of dielectric contribution from contacts and other It is to be noted that the full relaxation spectrum corresponding to intrinsic polarization could be observed only at lower temperature (77-250 K) within the frequency window used (10 Hz-1MHz) [16] . Near 250 K, the relaxation feature shifts to even higher frequency. It is also noteworthy, in this context, that because of such dominance of Maxwell-Wagner effect, the real and imaginary permittivities assume very high value (>10 7 ). Such colossal values could be observed in other such strongly correlated systems having mobile charge carriers [6] [7] [8] [9] [10] [11] . It seems that in all the cases such large values result from interfaces and, therefore, are not intrinsic. In fact, further work seems necessary in order to extract the intrinsic dielectric permittivity as well as its relaxation in these systems. Here, of course, we are concerned more in relative comparison of the data as a function of Mn 4+ concentration, in a series of pure LaMnO 3 systems, than the absolute values of the intrinsic permittivity. However, in order to get a fairly correct idea about the relative contribution of contacts and other interfaces to the overall dielectric response and its frequency dispersion, we carried out measurements on single crystal of LaMnO 3 , bulk polycrystalline sample coated with alumina, and bulk samples coated with different electrodes like Au, Ag, and Pt without alumina layer. In the cases of single crystal and alumina-coated sample, Pt electrodes have been used. The single crystal is expected to be free of grain boundaries while the alumina coating on bulk sample is expected to suppress the spurious capacitance due to contacts [6] . The suppression of spurious capacitance at the contacts, of course, cannot be total as depending on the thickness ratio between the bulk and coating, one can observe finite frequency dispersion of dielectric permittivity even in this case. The dielectric spectra at room temperature for these cases are shown in Fig. 7 as an example. It is quite clear from the spectra in Fig. 7 that both single crystal and alumina-coated bulk sample exhibit lesser frequency dispersion compared to bulk un- We now turn our attention to the nature of the dielectric anomaly at T JT and its variation with the increase in Mn 4+ concentration. The increase in Mn 4+ concentration
gives rise to a decrease in volume fraction of the orbital ordered phase that, in turn, results in such evolution in the nature of the anomaly. The shift from upward feature to a downward one is intriguing. Upward anomaly is observed in multiferroic TbMnO 3 , DyMnO 3 [24] where as in the case of BiFeO 3 , one observes downward anomaly [25] and its smearing with the increase in non-stoichiometric oxygen [26] . In all these cases, of course, the dielectric anomalies are observed near Neel point T N and signify magneto- Finally, we point out that for non-polar systems, one observes the static dielectric constant (ε 0 ) at T = 0 to be within 1-5. It has already been reported [8] , however, that for This is unexpected in an essentially non-polar system. The volume fraction of orbital ordered phase certainly has a role to play here. Piecing together all these features, it is possible to conclude that long-range orbital gives rise to non-trivial intrinsic polarization even in a globally centrosymmetric compound like LaMnO 3 . Yang et al. [27] have pointed out the relevance of orbital-order driven polarization in BiMnO 3 very recently.
Another example is the electronic mechanism (charge order) driven polarization that is found to have given rise to long-range ferroelectric order in LuFe 2 O 4 [28] . Our Alongside, the extent of dispersion in intrinsic dielectric permittivity also varies depending on the polarization length scale. It will be interesting to study how the polarization length scale grows as a result of systematic increase in structural distortion in presence of long-range orbital order. This will be attempted in a future study.
Summary
In summary, we have indicated that there is a possibility of observing orbital order driven intrinsic electrical polarization in pure LaMnO 3+δ . As a result, one observes distinct dielectric anomaly at the transition temperature T JT . The Maxwell-Wagner effect arising out of interfaces and/or mobile charge carriers, of course, dominates the overall dielectric response in the temperature and frequency range covered in this work.
However, the temperature dependence of the real and imaginary permittivity as well as the variation in the nature of the anomaly at T JT from sample to sample reveals influence of intrinsic orientation polarization due to orbital order. The transition temperature itself and the latent heat associated with the transition decrease with the Mn 4+ concentration yet interestingly they do not become zero, at least, over the range of Mn 4+ concentrations studied here. This shows that one can play with relative volume fraction of orbital ordered and disordered phases and learn about the phase transition from dielectric relaxation across the T JT in all such insulating manganites exhibiting orbital orderdisorder transition. Further work at even higher frequency range (>1 MHz) seems to be necessary in order to estimate the intrinsic dielectric constant as well as its relaxation dynamics. Such results may spur more work aimed towards discovering the driving mechanism behind intrinsic polarization observed in these centrosymmetric compounds. Table- 
